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Introduction 19
Malaria is a leading cause of infectious disease, responsible for an estimated 200 million infections 20 annually, and around 429,000 fatal cases (World Health Organisation 2017). The disease is caused by 21 several species of parasitic protozoans from the genus Plasmodium, which are transmitted by various 22 species of mosquitoes from the genus Anopheles. Two species in particular -P. falciparum and P. with Spain being one of its last footholds from which it was only declared officially eradicated in 34 1964 (Pletsch 1965 ). Nevertheless, even though Plasmodium is currently largely absent from Europe, 35
its potential re-emergence has been identified as a plausible consequence of climate change (Petersen 36 et al. 2013 ; Zhao et al. 2016) . 37 3 38 Whilst historically being described as the "benign" form of malaria, P. vivax is increasingly 39 recognized as a significant cause of disease and mortality (Tjitra et have spread globally through a complex pattern of migration events by hitchhiking with its human 54 host, as humans moved out of Africa (Culleton et al. 2011; Hupalo et al. 2016 ). The analysis of a 55 geographically diverse dataset of 941 P. vivax mitochondrial DNA (mtDNA) genomes detected 56 genetic links between strains from the Americas to those from Africa and South Asia, although 57 potential contributions from Melanesia into the Americas were also identified (Rodrigues et al. 2018) . 58
However, the role of the worldwide colonial expansion of European countries in the global dispersal 59 of P. vivax remains largely unknown, mainly due to the lack of available sequenced nuclear genomes 60 from now-extinct European strains. 61
62
The recent discovery of a set of historic microscope slides with bloodstains from malaria-affected 63 patients provides major opportunities to shed light on the evolution of P. vivax. The slides were 64 prepared between 1942-1944 in the Ebro Delta (Spain) , an area where the disease was transmitted by 65 the mosquito species Anopheles atroparvus, a member of the A. maculipennis complex -still very 66 common in the region -and provided the first retrieval of genetic material from historical European P. 67 vivax (Gelabert et al. 2016 ) as well as a partial P. falciparum genome (de-Dios et al. 2019 in press). 68
The complete mtDNA genome of this sample showed a close genetic affinity to the most common 69 strains of present-day South and Central America, suggesting their introduction into the Americas was 70 linked to Spanish colonial-driven transmission of European strains. However, mtDNA is a maternally 71 inherited single locus and, in comparison to the entire genome, has limited power to reconstruct 72 complex evolutionary histories. 73 74 4
In this paper, we extend these previous findings, by reporting the complete genome of an extinct 75 European P. vivax obtained from the historical Ebro Delta microscope slides. Together with the recent 76 publication of a more accurately annotated P. vivax reference genome (PvP01) , 77
this European genome provides new opportunities to resolve the historical dispersals of this parasite 78 using genome-wide data. The availability of this complete genome also allows direct estimation of an 79 evolutionary rate for P. vivax, making it possible to date the clustering of the historic European strain 80 with modern global strains. Furthermore, it enables us to ascertain the presence of some resistance-81 alleles prior to the introduction of most anti-malaria drugs. This information is critical for further 82 investigations into the evolution of the parasite, as well as predicting future emergences of drug-83 resistance mutations. 84
85

Results
86
We generated shotgun Illumina sequence data from four archival blood slides derived from malaria 87 patients sampled between 1942 and 1944 in Spain's Ebro Delta. The majority of reads that mapped to 88 P. vivax (89.09%) derived from a single slide dated to 1944. In total, 481,245 DNA reads (0.44% of 89 the total reads generated) mapped to P. vivax, yielding a composite genome, we term Ebro-1944, at 90 1.4x coverage (1.28x deriving from the newly analysed 2017 slide), and spanning 66.42% of the 91 (PvP01) reference. The mtDNA genome was recovered at 32x coverage ( Supplementary fig. 1-3 
and 92
Supplementary Tables 1-2). Although working with low coverage ancient genomes is challenging, the 93 fact that our genome is haploid and displays low levels of post-mortem sequencing errors suggests it 94 can be reliably used in most evolutionary analyses. Supplementary Table 3 ). A principal 98 component analysis (PCA) applied to a global dataset of P. vivax showed strong geographic structure, 99 with clusters separating 1) South East Asian/East Asian strains; 2) Oceanian strains (those from 100
Malaysia were placed between the two clusters); 3) Indian and Madagascan strains and 4) those 101 5 Mexico-like), although a minor proportion of ancestry is shared with both South East Asian (~5%) 112
and Oceanian (~5%) samples. 113
114
To formally test these suggested relationships, we calculated f4 statistics (Patterson et al. 2012 Table 6 ). Of these, 1195 are missense mutations, which represent 60.6% of the genic 179 Supplementary Tables 7-8) . We also identified a previously undescribed mutation 186 (Leu623Arg) in CLAG, a gene associated with host infectivity (Gupta et al. 2015) . Additionally, we 187 screened multiple loci (N=516) that have previously been reported to exhibit strong signals of recent 188 natural selection in a geographically diverse set of modern P. vivax samples (Hupalo et al. 2016) . 189 Some of these regions encompass genes previously known to be involved in anti-malarial drug 190 resistance, including three with strong experimental validation of resistance phenotypes: pvmdr1, dhfr 191 and dhfps (Haldar et al. 2018 ). Our historical genome has 355 of these positions covered by at least 192 two reads, of which Ebro-1944 exhibits the ancestral allele in 349 ( Supplementary Table 9 ). Therefore, Lanka ( fig. 1c, fig.3a ). We interpret this as likely evidence for secondary genetic introgression into the 230 American P. vivax population by lineages from different regions of the world, which would be 231 consistent with the high P. vivax mtDNA diversity previously described in the Americas (Taylor et al. Irrespective of its role in the past, the rapid spread of P. vivax strains resistant to antimalarial drugs is 292 an area of increasing concern. Initially, Chloroquine was established as the main therapy against P. ( Supplementary Table 8 ). Conversely, Ebro-1944 carries three variants in the pvmdr1 and pvdhps 308 genes that are plausible drug-resistance candidates against sulfadoxine and chloroquine. The presence 309 of these alleles in Ebro-1944 might reflect standing variation in historical P. vivax populations for 310 alleles providing resistance to modern antimalarial drugs. Alternatively, these could have been 311 selected for by the historical use of quinine. 312
313
Our study stresses the value of old microscopy slides and, more generally, of antique medical 314 collections, as a unique and under-used resource for retrieving genomic information on pathogens 315 from the past, including eradicated strains that could not be studied from contemporary specimens. 316
For example, in addition to the results reported here, we also retrieved a partial P. falciparum 317 genome from the same set of slides, which allowed us to demonstrate a stronger 318 phylogeographic affinity of the extinct European P. falciparum lineage to present-day strains in 319 circulation in central south Asia, rather than Africa (de-Dios et al. 2019 in press). We note that the 320 slides we analysed here were stained but not fixed and it remains to be explored what additional DNA 321 damage is exerted by different fixation methods. Additionally, our slides date from the years 1942-322 1944; however, it is likely that older slides are available in both public and private collections given 323 the popularity of microscopy in Victorian times. A future objective will be to ascertain if massive 324 genomic data retrieval can be achieved from even older microscopy slides. 325
326
There is also potential to retrieve ancient Plasmodium sequences directly from archaeological 327 specimens. The recent retrieval of P. falciparum sequences from ancient Roman human skeletal 328 remains (Marciniak et al. 2016 ) demonstrates this approach is technically feasible, and as P. vivax 329 infection is more prevalent than P. falciparum, it is plausible that further ancient strains from 330 osteological material could be reported in the near future. An additional possibility would be to 331 directly retrieve Plasmodium sequences from Anopheles remains preserved in ancient lake sediments 332 or in museum collections. The generation of additional historical sequences -both from Europe and 333 from the Americas -together with an increased sequencing effort of extant P. vivax strains from 334 under-sampled areas is our best hope to reconstruct the evolutionary history of this major parasite in 335 more detail. 
Sequence mapping 367
The sequenced reads were analysed with FastQC to determine the quality prior to and after adapter 368 clipping. The 3' read adapters and consecutive bases with low quality scores were removed using 369 cutadapt 1.18 (Martin 2011) . Reads shorter than 30 bp and bases with a quality score lower than 30 370 were also excluded. To increase the final coverage, all Plasmodium reads were pooled and an in-371 house script was used to discriminate reads mapping more confidently to the P. vivax (PvP01) 372 to check for signatures of post-mortem damage at the ends of the reads to validate the reads were 377 associated with a historic sample rather than deriving from modern contamination. C to T and G to A 378 substitutions at the 5' ends and 3' ends, respectively, were found to be present at a frequency of about 379 2.5% (Supplementary fig. 1) ; consistent with the age of the sample and in agreement with the degree 380 of damage previously detected in the mtDNA reads (Gelabert et al. 2016) . As a result, the first two 381 nucleotides of each read were also trimmed. 382
383
The newly generated paired-end P. vivax reads were merged with the sequencing reads generated in For analyses requiring incorporation of an outgroup, we additionally mapped reads from the P. adjustments for working with Plasmodium genomes and ancient DNA. First, we selected 297 samples 407 that had more than the 70% of the Sal1 reference genome covered and presented more than 3000 408 substitutions. Using this filtered dataset of high-quality samples, we called variants using a mapping 409 quality >30, depth of coverage >20 and a standard call confidence >50. We removed those SNPs that 410 Supplementary fig. 6, fig. 1c ). To evaluate the relationship of Ebro-1944 to other global strains we 429 calculated f4 statistics using qpDstat available within AdmixTools (Patterson et al. 2012 ). Setting 430
Ebro-1944 as a target, we explored which strains, grouped by geographic label, share more alleles 431
with Ebro-1944 relative to every pairwise combination of modern strain(s) (X and Y) in our reference 432 dataset and relative to P. cynomolgi as an outgroup: f4(P. cynomolgi, Ebro-1944; X, Y). 433 434
Inferring patterns of allele and haplotype sharing 435
In addition, we applied an unrelated method to explore patterns of allele and haplotype sharing 436 implemented in CHROMOPAINTER v2 (Lawson et al. 2012 ). Unlike f-statistics, this approach does 437 not rely on a user specified topology and can thus consider the relationship of all strains to all others 438 collectively. As this approach requires low levels of missingness across comparisons, we filtered the 439 previously described unpruned population genetics dataset for only the positions present in Ebro-1944 440 and retained only those samples with ≤10% missing data (77,420 sites, 218 samples). A schematic of 441 the workflow is provided in Supplementary fig. 5 . 442 14 443
Briefly, CHROMOPAINTER calculates, separately for each position, the probability that a 444 "recipient" chromosome is most closely related to a particular "donor" in the dataset under a copying 445 model framework (Li and Stephens 2003) . Here, we use all strains as donors and the equivalent 446 strains as recipients in an "all-versus-all" painting approach. To cluster strains, fineSTRUCTURE 447 The consistency of our inference under different imputation and filtering criteria was assessed by 454 linear regression (Supplementary fig. 10 ). Further details are provided in Supplementary Section 4. 455 456
Drug resistance variants analysis 457
We used the annotations provided by SnpEff to identify non synonymous mutations in genes 458 previously described as being related to antimalarial drug resistance and host infectivity (Cingolani et Supplementary Table 7 ). In addition, we screened all potential genetic variants found in 462
Ebro-1944, comprising more than 4000 SNPs ( Supplementary Table 9 ). 463 464
Phylogenetic analysis and dataset 465
The whole-genome sequences of 15 modern P. vivax samples and Ebro-1944 were mapped against the 466 PvP01 reference assembly ) ( Supplementary Table 4 ). These strains were 467 selected with a focus on the Americas but also to include strains sampled over a large temporal span 468 as is required for phylogenetic tip-dating. The main motivation for using the PvP01 reference genome 469 for mapping sequence data for phylogenetic analyses stems from this assembly offering a better 470 definition of sub-telomeric genes and repetitive pir genes that usually lie in recombinant regions, thus 471 providing greater power to identify and exclude these parts of the genome ). After 472 calling variants with GATK version 3.7 UnifiedGenotyper, polymorphisms were further filtered by 473 selecting only those SNPs with a coverage >1 an average mapping quality >30, a genotype quality 474 Table 4 ) across a 34,452 SNP alignment. In order to filter this alignment for only congruent SNPs for 479 phylogenetic dating we first generated a maximum parsimony phylogeny in MEGA7 (Kumar et al. 480 2016), evaluating support for each branch over 100 boot-strap iterations. We then screened for 481 homoplasies, sites in the 34,452 SNP alignment that do not support the maximum parsimony 482 phylogeny, using HomoplasyFinder (Crispell et al. 2019) . This led to the identification of 13,112 483 homoplastic SNPs, many of which fell in sub-telomeric regions. All homoplastic sites were 484 subsequently removed from the alignment. In this way we screen and exclude variants from the 485 original alignment that fall in hyper-variable regions, that may arise from inaccurate SNP calling or 486 post-mortem damage, as well as removing regions that derive from between-lineage genetic 487 recombination or mixed infections. 488 489
Estimating a timed phylogeny 490
To investigate the extent of temporal signal existing in our homoplasy cleaned timeline alignment, we 491 built a maximum-likelihood phylogenetic tree, without constraining tip-heights to their sampling 492 times, using RaxML (Stamatakis 2014) . After rooting the tree on the P. cynomolgi genome, we 493 Drummond 2017). To minimise prior assumptions about demographic history we tested three possible 501 demographic models: the coalescent constant, coalescent exponential and coalescent Bayesian skyline. 502
In each case we set a log normal prior on a relaxed evolutionary clock as well as testing under a strict 503 clock model. 504
505
To calibrate the tree using tip-dates only, we applied flat priors (i.e., uniform distributions) for the 506 substitution rate (1.10E12 -1.10E2 substitutions/site/year), as well as for the age of any internal node 507 in the tree. We ran five independent chains in which samples were drawn every 50,000 MCMC steps 508 from a total of 500,000,000 steps, after a discarded burn-in of 10,000,000 steps. Convergence to the 509 stationary distribution and sufficient sampling and mixing were checked by inspection of posterior 510 samples (effective sample size >200) in Tracer v1.6. The best-fit model was selected based on 511 evaluation of both the median likelihood value of the model and the maximum likelihood estimator 512 following path sampling (Baele et al. 2012) ( Supplementary Table S5 ). 513 514
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